ABSTRACT: Two models for predicting the effects of temperature and pH on isotherm curves are presented in this paper. The development of these models was based on mathematical analysis and statistical tests; they are referred to as the temperature effect term (T.E.T.) and pH effect term (pH E.T.), respectively, below. The adsorption isotherms for benzoic acid (BA) onto granular activated carbon (GAC) have been measured at various temperatures (25-60ºC) and pH values (2-8). The results obtained have been analyzed using the adsorption models of Langmuir, Freundlich, Redlich-Peterson, Toth, and Radke and Prausnitz.
INTRODUCTION
Although several studies of organic acid separation by ion-exchange resins have been reported, the modelling of this process requires further investigation. This is essential since the study of adsorption isotherms and ion-exchange mechanisms under appropriate conditions is important for the development of new purification techniques for organic solutions (Schügerl 2000) . Basically, ion-exchange processes involve the use of columns filled with resin beads capable of separating the components in a given solution via adsorption. High selectivity, easy regeneration and low operation costs are some of the most important criteria in designing a reasonable ion-exchange resin adsorption process, especially for separation from dilute solutions (Bhandari 1998) .
The ion-exchange resin process is widely used in chemical industries such as acid manufacturing plants, fermentation processes, metal-plating industries and industries where acids are used as raw materials or as catalysts. However, one of the most important uses of the ionexchange resin process is in wastewater treatment (Utsunomiya 1995) , where its use is very well established as a separation unit. The applicability of ion-exchange resins in industrial processes has steadily increased over the years, resulting in new techniques that go far beyond water purification and demineralization which were the first and most important applications of ionexchange resins (Cao et al. 2002) .
However, investigations using ion-exchange resins in organic media are still rare. The study of adsorption isotherms and ion-exchange mechanisms under these conditions is important in order to develop new purification techniques for organic solutions (Baumann and Muller 1997) .
A large number of water-treatment methodologies are available nowadays and adsorption onto activated carbon is one of the most frequently applied techniques for the removal of trace pollutants. Although this technique has proved to be broadly applicable, the relatively poor performance of activated carbon is a disadvantage. Thus, for the complete desorption of the adsorbed component, synthetic adsorbents were developed in the early 1960s that could easily be regenerated by acids, bases or organic solvents (Dinsdale et al. 2000; Derbyshire et al. 2001) . Again, to determine an appropriate procedure for thermal regeneration, the extent of adsorption should be known as a function of temperature. However, adsorption equilibrium data at high temperatures are still quite rare.
The adsorbate plays a key role in the ion-exchange resin process. In the work reported here, the adsorption isotherm of benzoic acid (BA) onto activated carbon has been selected for modelling purposes. In addition to the numerous industrial applications mentioned above, BA is widely used as a preservative in food industries and often occurs in domestic wastewater where it can cause harmful effects. Conventional treatment processes for treating wastewater including BA involve biological degradation, chemical oxidation and adsorption (Castilla 2004) . In addition, many investigators have shown that that the process temperature and pH are two key parameters influencing the adsorption performance in the separation of organic components from wastewater streams. Thus, for example, the adsorption of 2,4-dinitrophenol and phenol may be promoted at very low solution pH values (Tatjana et al. 2006) .
It has been shown that a hybrid approach involving Density Functional Theory (DFT) and Hartree-Fock (HF) methods is useful for describing the adsorption of carboxylic acid. Thus, the geometry and electronic properties of BA adsorbed onto the (100) surface of MgSO 4 •H 2 Owhich is used as a conditioner molecule for the electrostatic separation of minerals -are important criteria. According to Volodymyr et al. (2006) , these molecules are chemisorbed with binding energies of ca.1.9 eV, and form bonds via the carboxylic "O" atom of the -COOH groups in a nonplanar geometry. The surface involved in this case is a stoichiometric wide-band-gap insulator and the molecules remain intact on it after adsorption. In contrast, if the -COOH groups are arranged in a planar geometry, their resulting adsorption turns out to be non-bonding. Bonding takes place via surface-molecule resonances brought about by the overlap of the valence band with a molecular orbital, a process which is assisted by the presence of a small charge-transfer molecule. These combined interactions lead to an intermolecular twist between the -COOH group and the benzene ring.
Some investigators have studied adsorption from aqueous solutions of benzene derivatives such as phenol, BA and synthesized BA derivatives onto activated carbons with various microporous structures. They have examined the effect of the nature of the adsorbate molecules and the pore sizes of the active carbons on the nature of the sorption process. It was shown that such adsorption processes are governed both by the size of the adsorbing molecule and its hydration energy (Kharitonova et al. 2005; Staney and Bhamidimarri 1998) . More structural models involving sorbate speciation in solution, pH and even electrostatic attraction have been suggested recently by Yang and Volesky (2000) .
Most separation and purification processes employing sorption technology use continuous flow columns. This mode of operation ensures a driving force employing the highest possible concentration difference. Thus, starting at the inlet, the saturation of the solid sorbent zone gradually extends throughout the column. The sorbate eventually breaks through the column, the resulting breakthrough curve being typically S-shaped, with the shape and slope being associated with the equilibrium sorption isotherm relationship (Gluszez et al. 2004) .
In a similar manner to other investigations in this field, we have made the following assumptions in the formulation of the adsorption phenomena:
-the sorption process is isothermal; -diffusion coefficients inside the pore are independent of concentration; -the sorbent particles are spherical and uniform in density and radius; -the liquid flow along the bed is of the ideal plug flow type; -no chemical reactions occur in the column; -only mass transfer by convection is significant; -radial and axial dispersion are negligible; -the flow rate is constant.
On the basis of such assumptions, other investigators have employed many models for fitting adsorption isotherm curves. Of these, the most important are the Langmuir, Freundlich, Redlich-Peterson, Toth, and Radke and Prausnitz models. These may be defined by the following equations:
Toth (4) Radke-Prausnitz (5)
EXPERIMENTAL
The sieved GAC of 30-35 mesh size was washed several times with 1 N HCl to remove oils and impurities. After such treatment, the washed GAC was dried in an oven at a temperature of 100-110ºC. It was then used to fill an appropriate column and rinsed with de-ionized water so that after passage through the column the de-ionized water had the same UV absorbance intensity at the outlet as at the inlet. The physical properties of the GAC resin employed are presented in Table 1 . Samples of aqueous BA solutions (40-50 cm 3 volume) of various concentrations at pH 7.0 together with a known weight of dry GAC were placed in 40 flasks of 100 cm 3 volume which were sealed and agitated during the course of the experiments. Thus, the contents of the 40 flasks were mixed by continuous agitation for more than 3 d and then maintained in an oven for over 24 h to achieve equilibrium at temperatures of 25, 30, 35, 40, 45, 50, 55 or 60ºC, respectively. In total, the data obtained in the present study were obtained over a period of 48 d employing experiments designed in accordance with "Hotech model 706". The temperatures employed during mixing and the subsequent oven procedures were measured with an accuracy of ± 0.5ºC.
Adsorption isotherm data were also measured in batch, stirred tanks maintained at different temperatures employing an impeller speed of 100 rpm. A schematic illustration of the mixer tank employed is presented in Figure 1 . In each experiment, 6 g of wet resin particles placed in the glass tanks were contacted with aqueous solutions of BA made with de-ionized water solution. The pH values of these solutions were adjusted by the use of sulphuric acid or sodium hydroxide solutions with initial concentrations in the range 5-450 g/m
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. The equilibrium concentrations of BA in the GAC resins were measured by UV spectrophotometric methods at the maximum absorbance wavelength of 225 nm. In addition, the value of the adsorption heat was measured calorimetrically during the experiments. 
RESULTS

Influence of temperature
The experimental data relating to the adsorption of BA onto GAC at different temperatures are listed in Table 2 . Because of the low value of the adsorption heat measured calorimetrically (< 0.45 kJ/g), the adsorption process has been assumed to be physical in nature.
To analyze and compare the experimental results with those of other investigators, the isotherm data obtained were fitted with the isotherm models quoted in equations (1)- (5) above. The constants of the various models were determined using the Ordinary Least Squares (O.L.S.) method of Eviews software (Quantitative Micro Software 2002), the results obtained being listed in Table 3 .
Several tests were undertaken to analyze and fit the experimental data, with the models being developed on the basis of statistical functions such as R 2 and the Durbin-Watson test (D.W.T.). The Durbin-Watson statistic measures the serial correlation in the residuals. As a rule of thumb, if the D.W.T. is less than one, this provides evidence of positive serial correlation. In other words, this parameter assesses the relationship among the residual values, which is obviously a reflection of the validity of the equation employed.
According to the values of R 2 and D.W.T. listed in Table 3 , the Ra-Pr model provided the best fit of the experimental data with the magnitudes of R 2 and D.W.T. being reasonable. The isotherm curves obtained at different temperatures in the present study were also examined using the Redlich-Peterson (Re-Pe) model and the percentage difference between the results obtained via the two models (A.R.E.) measured; these data are listed in Table 4 . According to Table 4 , the value of % A.R.E. for the two models was lower than 1% and hence the Ra-Pr model provided a good fit with the experimental data.
Equally, algebraic analysis of the small difference between the values derived from the Ra-Pr and Re-Pe models indicated that the two models have a common base. This may be 
which on re-arrangement gives:
On comparing equations (7) and (5), it will be seen that a = p, d = p/q and n 1 = 1 -n 2 . Hence, the two models are similar and have the same structure. The Ra-Pr model was first advanced in 1972, with its rearranged form being presented by Redlich and Peterson in 1978. Hence, the Radke-Prausnitz model takes precedence and has been used as an appropriate model for describing the adsorption isotherms curves of BA onto GAC obtained in the present work.
Effect of pH
The effects of pH on the isotherm curves have been studied in the present work and the results as obtained at 25ºC are presented in Figure 2 . As shown in this figure, the trend of the isotherm curves at various pH values was similar to that of the isotherm curves at various temperatures (see data listed in Table 2 above). Hence, it was assumed that the effects of pH on the adsorption curves could be predicted by an equation similar to that of T.E.T. model (see below). It should be noted that the procedure for obtaining equilibrium data at various pH values was similar to the temperature modelling effect discussed in Section 2 above (Hotech model 706). In addition, sulphuric acid and sodium hydroxide were used for adjusting the pH in the current studies. 
MATHEMATICAL MODELLING
Temperature effects
On analyzing the experimental data listed in Table 2 , it may be noted that the isotherm curves varied in a particular form with respect to temperature. In fact, as the equilibrium concentration of acid in the liquid phase, C, increased, the separation between the isotherm curves gradually increased. Hence, in relation to every other curve, each curve not only depends on the temperature but also depends on the concentration of BA in the solution.
In this section, a new model for the temperature effect term (T.E.T.) on the isotherm curves is developed. This allows the calculation of the isotherm curves at any particular temperature on the basis of data for an isotherm curve at a single (or reference) temperature. In fact, the best reference temperature for adsorption is room temperature (25ºC) because of the low operation costs of the usual systems employed for measurements at this temperature. It should be noted that this is the first time that a model of this type for the prediction of adsorption curves has been reported. Thus, in accordance with the above discussion, we may write a general correlation of the form:
where f(T,C) is the T.E.T. which is dependent on both the temperature and the concentration. In addition, it should be noted that C * T 2 is equal to C * at T 2 while C * T 1 is equal to C * at T 1 (reference temperature). Therefore, modelling should be undertaken on f(T,C). In order to investigate the data listed in Table 2 , several models for f(T,C) have been investigated as listed in equations (9)- (15) 
Analysis of equations (9)- (15) allowed the values of A.R.E., R 2 and other statistical functions to be obtained. Finally, on the basis of its simplicity and percentage error, equation (15) was chosen as the most appropriate for examining the experimental data. Substituting this model in equation (8) gives the final correlation as: (16) Fitting the experimental data to this equation enabled the values of α and β to be determined in accordance with the O.L.S. method using the "Eviews" software. Room temperature based on the Kelvin scale (298.15 K) was selected as the reference temperature (T 1 ) with the experimental values for C * as listed in Table 2 (16) show that the differences between the model results and the experimental data were negligible. Hence, this model can be used to predict isotherm curves successfully. Also, the % A.R.E. values between the model and experimental data over the temperature range 30-60 o C relative to 25 o C presented in Table 6 show that the error amounts were very low, with the average error being less than 1.2%. We may therefore conclude that this model provides a good prediction of the BA adsorption curves, with its main advantage being its capability of predicting isotherm curves with negligible errors on the basis of data taken at one temperature.
One of the most important advantages of the T.E.T. model is its ability to predict isotherm curves at any temperature from three-point experimental data obtained at one temperature, again with low errors. In other words, from the measurement of three equilibrium points at a given temperature, it is possible to develop the isotherm curves for BA adsorption onto GAC at any temperature. In addition, the T.E.T. and Ra-Pr models are capable of predicting isotherm curves at any temperature employing the assumption that p = 55.30, q = 152.85 and n 2 = 0.19 at 25 o C (as the reference temperature) for BA adsorption onto GAC in absence of any experimental data. Thus, knowing the values of the three equilibrium points, p, q and n 2 , the Ra-Pr model can be employed. Hence, the general form of the model for this state may be written as: (17) where C * T 2 Ra-Pr is C * at T 2 and C * T 1 Ra-Pr is C* at T 1 (298.15 K) from the Radke-Prausnitz model. In the absence of experimental data, the T.E.T. and Ra-Pr models can predict the isotherm curve at any temperature with an appropriate tolerance as shown by the data listed in Table 7 . Thus, although the results of Table 6 Table 7 show that the average values of % A.R.E. listed in both tables are acceptable. In addition, the increase in % A.R.E. using the Ra-Pr model rather than the experimental data still provides a good and acceptable fit. In other words, even in the absence of experimental data for predicting the isotherm curves at any particular temperature, the increase in the value of % A.R.E. is still less than 0.16%, i.e. of negligible value. In addition, comparison of the data listed in Tables 4 and 7 shows that the Ra-Pr model is still capable of providing a good fit. Indeed, this shows that the use of the T.E.T. model rather the experimental data only leads to an average increase in % A.R.E. of less than 0.5%. Thus, use of a combination of the Ra-Pr and T.E.T. models would only lead to a very small error in the calculated results. Hence, the results obtained show that the T.E.T. model is not only capable of predicting the experimental isotherm curves but also the data produced by other isotherm models. Furthermore, another important result of this modelling procedure is that the temperature T 1 can be selected as any temperature (not just room temperature).
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The results mentioned above relate only to BA adsorption onto GAC. However, it may be concluded from the above discussion that, for the adsorption of any organic acid onto any adsorbent, provided that the form of the isotherm curves at different temperatures are similar to that for the adsorption of BA onto GAC, both the T.E.T. and the others listed above can be employed in evaluating the data. Indeed, it should be noted that the form of isotherm curves obtained for the adsorption of the majority of organic acids onto a given adsorbent is very similar to that obtained for the adsorption of BA adsorption onto GAC. Hence, the results obtained can be treated in a similar manner to the data for BA adsorption and that the values of α and β, for example, obtained for BA can be used as constant coefficients for other organic acids.
Even if the isotherm curves (or expanded adsorption isotherm curves) for organic acids have a greater separation between each other at different temperatures, provided that they are all of the same shape they can also be analyzed by the methods discussed above. This situation usually occurs when the organic acid solutions are dilute. In such cases, the variation of α and β should be examined as a function of temperature. In this way, the T.E.T. model can be used over a wide range of organic acid adsorption curves onto a given adsorbent in a similar manner to the treatment of the BA adsorption curves onto GAC.
pH effects
Because of the similarity between the influence of temperature and pH on isotherm curves, several models have also been developed to achieve the appropriate model for predicting the effects of pH, including the following: (18)- (20), it is possible to predict isotherm curves at any pH value employing those obtained at pH = 2 as a reference. It should be noted that equation (18) is completely similar to equation (16), which can be described by the T.E.T. model. Statistical functions have been calculated in order to select the appropriate model from equations (18)- (20); the results obtained are listed in Table 8 .
Analysis of the values of the statistical functions showed that the three new models are acceptable and capable of appropriate prediction of the isotherm curves. The calculated % A.R.E. values for the three models are listed in Table 9 . It will be seen from the data that the % A.R.E. values for the acidic region (pH < 7) are acceptable but that the error for the basic region (pH > 7) was more than 90%. Thus the developed models, based on statistical results, are compatible for the acidic region with an error of an appropriate magnitude. Average % A.R.E. values for the acidic region are listed in Table 10 . The data recorded in Table 10 indicate that the % A.R.E. values arising from equations (18)- (20) are all less than 17% and could therefore be acceptable in some chemical systems. However, the error amounts are still high and need to be reduced if they are to be useful in practical cases. To achieve more reliable results, the variation in the parameters was analyzed; this indicated that all the coefficients vary with pH. Thus, the relation between the coefficients (α, β and C 0 ) and pH was analyzed and a linear equation expressing the coefficients in terms of pH 2 /pH 1 selected. The result of fitting the plot of α versus pH 2 /pH 1 is depicted in Figure 3 . In addition, the magnitudes of the coefficients α, β and C 0 as obtained from fitting processes based on the linear equation y = m 1 x + m 2 are presented in Tables 11, 12 and 13, respectively.
Equations (18)- (20) were analyzed in terms of the following criteria:
1. Least-square parameter (R 2 ) 2. Number of constants involved in the linear fitting.
On the basis of the values of R 2 , equation (20) was rejected with only equations (18) and (19) selected. In addition, selecting the number of constants involved in the linear fitting as a parameter indicated that equation (18) was the most acceptable. Another adverse effect of using equation (19) is the introduction of a greater complexity into the model thereby making it more inappropriate. The A.R.E. values calculated for the three above equations are listed in Table 14 .
The results of predictions made using equation (18) based on a reference pH of 2 and employing the above linear coefficients are shown in Figure 4 . This figure shows that the difference between (19) 16.739 Equation (20) 14.394 the results predicted by equation (18) and the experimental data are negligible. Hence, this model is capable of predicting isotherm curves successfully. The values of % A.R.E. between the model and the experimental data at different pH values in the range 3-6 relative to the reference pH are presented in Table 14 . Again, the error amounts are very small with the average error being less than 2.2%. Hence, it may be concluded that this model provides a good equation for BA adsorption curves. Indeed, this model has the advantage that isotherm curves may be predicted when only the data for one pH isotherm curve are available, while errors involved are negligible as shown by the data in Figure 4 . For the reasons mentioned above and the data listed in Table 14 , equation (18) was considered the most appropriate for predicting isotherm curves at different pH values. To The average % A.R.E. values for the three cases are shown in Figure 5 , which allows a better comparison of the application of the various equations considered above. In addition to its low error and smaller complexity, another advantage of equation (18) is that is has the same form as the temperature effect term (T.E.T.). In other words, the effect of variations in the pH and temperature may be related to one variable (C/C F ) and two coefficients (α and β) which are constant for the temperature effect and are present as a linear function in the pH effect.
CONCLUSIONS
The following conclusions arise from the work discussed above:
-Of the five important compatible models which may be applied to adsorption data, the Ra-Pr model provided the best fit for the experimental data obtained for the adsorption of BA from wastewater onto activated carbon (GAC). The value of % A.R.E. for this model was ca. 0.97%, thereby indicating that it gave a very good prediction of the experimental data. -Both the Re-Pe and Ra-Pr models provided a good fit with the experimental data, with the results of statistical tests being identical. These two models are derived from one basic algebraic structure, with the Ra-Pr model being that most frequently used as a reference equation in modelling isotherm curves. -From a consideration of several mathematical functions, the T.E.T. model was considered the most appropriate for predicting the effect of temperature on the adsorption of BA onto GAC. This model, which should assist investigators in predicting isotherm curves at given temperatures, is expressed as a function of temperature and acid concentration in the solution and the feed. -Both the T.E.T. and pH E.T. models are capable of predicting isotherm curves at any temperature or pH with average % A.R.E. values less than 1.2% and 2.2%, respectively, provided that an isotherm curve obtained at a know temperature and pH is available. -Three equilibrium points are sufficient to allow the coefficients of the Ra-Pr model to be obtained. Then, on the basis of the T.E.T. model, it is possible to predict the isotherm curves at any temperature. In addition, based on the experimental data reported in the present work employing the assumptions that p = 55.30, q = 152.85 and n 2 = 0.19 for the adsorption of BA onto GAC at 25 o C (reference temperature), further isotherm curves may developed for other temperatures with appropriate errors even in the absence of experimental data. In this case, the value of the average % A.R.E. compared to the experimental data was less than 1.4%. Thus, the use of the T.E.T. model in conjunction with the Ra-Pr model may be recommended for simulating the isotherm curves for BA adsorption onto GAC. (18) equation (19) equation ( -The results show that the use of the T.E.T. model rather than the experimental data only increased the average % A.R.E. value by less than 0.5%. Thus, the use of the Ra-Pr and T.E.T. models is appropriate for fitting purposes. Indeed, from the results thereby obtained it may be concluded that the T.E.T. model is capable of predicting not only experimental isotherm curves but also isotherm models. -If the form and trend of isotherm curves at different temperatures or pH values for the adsorption of any organic acid from dilute aqueous solution are similar to those for the adsorption of BA onto GAC, it may be concluded that either the T.E.T. or pH. E.T. models are applicable to such systems. -The T.E.T. model may also be applied to concentrated aqueous solutions of organic acids where the isotherm curves are similar and there is a reasonable separation between such curves. In this case, the variation of α and β as a linear function of temperature must be developed in order to obtain low % A.R.E. values. -The T.E.T. and pH. E.T. models presented in this paper provide a new approach to the treatment of isotherm curves. The big advantage of the proposed model is its simplicity and high accuracy. On the other hand, T.E.T. and pH E.T. models can be used for the adsorption of a wide range of organic acids onto adsorbents when the isotherm curves are similar to those for BA adsorption onto GAC. -Both the T.E.T. and pH E.T. models have a unique mathematical form and are based on similar variables. The only difference between the two is that the pH E.T. model possesses a linear function coefficient whereas the T.E.T. model is based on constant coefficients. 
NOMENCLATURE
